Iron is an essential cofactor for enzymes involved in numerous cellular processes, yet little is known about the impact of iron deficiency on cellular metabolism or iron proteins. Previous studies have focused on changes in transcript and proteins levels in iron-deficient cells, yet these changes may not reflect changes in transport activity or flux through a metabolic pathway. We analyzed the metabolomes and transcriptomes of yeast grown in iron-rich and iron-poor media to determine which biosynthetic processes are altered when iron availability falls. Iron deficiency led to changes in glucose metabolism, amino acid biosynthesis, and lipid biosynthesis that were due to deficiencies in specific irondependent enzymes. Iron-sulfur proteins exhibited loss of iron cofactors, yet amino acid synthesis was maintained. Ergosterol and sphingolipid biosynthetic pathways had blocks at points where heme and diiron enzymes function, while Ole1, the essential fatty acid desaturase, was resistant to iron depletion. Iron-deficient cells exhibited depletion of most iron enzyme activities, but loss of activity during iron deficiency did not consistently disrupt metabolism. Amino acid homeostasis was robust, but iron deficiency impaired lipid synthesis, altering the properties and functions of cellular membranes.
With a few notable exceptions, iron is an essential nutrient for virtually every organism. Every cell in the human body has a requirement for iron, yet iron can be toxic when present in excess. Iron deficiency is the most common nutritional disorder in the world (1) . Iron deficiency and iron deficiency anemia are especially prevalent among children and women of childbearing age, where they are associated with perinatal mortality. Iron deficiency also impairs neurological development and cognitive function in children, and some of these defects appear to be irreversible (2) . Although the pathogenesis of anemia in iron deficiency is well understood, other manifestations of iron deficiency are not understood at the cellular or metabolic level, and it is unlikely that all of the clinical manifestations of iron deficiency can be attributed to a reduction in the oxygen carrying capacity of the blood. Iron overload is also a common disorder and is associated with hereditary hemochromatosis, iron loading anemias, and chronic inflammatory diseases of the liver (3, 4) . Iron overload is typically manifest as an accumulation of iron in organs, especially the liver, heart, and pancreas, leading to organ dysfunction and failure. The mechanisms by which excess iron causes organ failure are unknown.
Iron is an essential nutrient because iron cofactors activate enzymes involved in most of the major metabolic processes in the cell. This metal is used in the synthesis of organic and inorganic co-factors, such as heme and iron-sulfur clusters (ISCs), as well as in the metallation of mononuclear and diiron enzymes (5) (6) (7) . Iron proteins are required for oxygen delivery, for the oxidation of acetyl CoA via the tricarboxylic acid (TCA) cycle, and for the generation of ATP via oxidative phosphorylation. Iron co-factors are required for the biosynthesis of amino acids, proteins, sterols, and fatty acids. They are required for the synthesis and repair of DNA and for the metabolism of xenobiotics. Very little is known about the activity of these enzymes under 2 conditions of iron deficiency. For example, it is not known whether cells can tolerate large reductions in the activity of any of these enzymes; it is not known whether any particular class of iron enzyme is susceptible to iron deficiency; it is not known whether individual iron-dependent pathways are disproportionally affected by iron deficiency.
Studies of metal metabolism in budding yeast have yielded important insights into iron metabolism in both humans and pathogenic microorganisms. In determining the cellular response to iron deficiency and iron overload in the yeast Saccharomyces cerevisiae, we and others have focused on changes in the levels of mRNA transcripts and proteins involved in iron homeostasis (8, 9) . These studies indicated that S. cerevisiae responds to iron deficiency by (i) activating systems of iron uptake, (ii) mobilizing intracellular stores of iron, and (iii) adjusting metabolism to optimize the use of iron (10).
One metabolic adjustment indicated by the changes in mRNA transcript levels is the redistribution of iron away from some nonessential biosynthetic pathways towards other, essential iron-requiring pathways. Under conditions of iron deficiency, S. cerevisiae relies on two transcription factors, Aft1 and Aft2, to activate the transcription of genes involved in the primary response to iron deficiency (11) . Some of this redistribution of iron is apparent in the genes directly activated by Aft1 and 2, and some is suggested by other transcripts that are downregulated under iron deficiency (12) . Many transcripts encoding components of the respiratory cytochromes, which contain several heme cofactors, and some heme biosynthetic genes are down-regulated in iron deficiency (8) while the heme-degrading enzyme encoded by HMX1 (an Aft1 target) is up-regulated (13). This downregulation of heme synthesis and the respiratory machinery is consistent with the observation that iron-deficient cells cannot grow on nonfermentable carbon sources and thus cannot rely exclusively on respiration for energy production during iron deficiency.
Several transcripts encoding Fe-S cluster (ISC) proteins involved in glutamate, leucine, and lipoic acid biosynthesis are down-regulated during iron deficiency (8, 9) . Multiple transcripts coding for proteins involved in biotin biosynthesis, including the ISC protein Bio2, are downregulated in iron deficiency, while transporters facilitating the uptake of biotin and biotin precursors are up-regulated by Aft1.
Some of this down-regulation of mRNAs occurs at the transcriptional level, while some is controlled post-transcriptionally. CTH1 and CTH2 encode two proteins that are expressed in response to iron deficiency and are under the control of Aft1 and 2 (8, 14) . These proteins of the tristetraprolin family of RNA binding proteins specifically recognize AU-rich sequences in the 3' UTR of many transcripts coding for proteins that contain iron cofactors, such as succinate dehydrogenase, and aconitase. Cth1 and 2 bind to these mRNAs and promote their degradation. Thus, under conditions of iron deficiency, yeast activate the expression of proteins that lead to the degradation of mRNAs encoding proteins that function in iron-dependent pathways, thereby reducing the amount of iron allocated to these pathways. Cth1 and Cth2 also appear to be indirectly involved in the up-regulation of several transcripts that may contribute to an alteration in glucose metabolism and carbohydrate storage that occurs in iron deficiency.
Although these studies have produced some insights into the metabolic response to iron deficiency, they have a major limitation. That is, alterations in protein levels do not always correlate with the flux of metabolites through a pathway, as the flux through a pathway is largely determined by enzyme kinetics and substrate concentrations. Changes in the level of an iron-binding enzyme may alter the amount of iron dedicated to that pathway without producing a significant change in the flux through the pathway. Here we analyzed the metabolomes of yeast grown in iron-rich and iron-poor media to determine the extent to which flux through metabolic pathways is maintained or altered in the face of falling iron availability. We find that in yeast, amino acid homeostatic mechanisms are robust, but that carbon source utilization and lipid biosynthesis are affected by iron deficiency. We found specific alterations in the flux through the ergosterol and sphingolipid biosynthetic pathways at points where heme and diiron enzymes function. We specifically examined the metallation of iron-dependent enzymes and found that while some enzymes are resistant to iron deficiency, others exhibit loss of their iron cofactors during periods of iron deficiency. Metabolomics and microarray analysis DBY7286 was grown from very low density to mid-log phase (A 600 = 0.5, approximately 18 hrs.) in defined-iron SD minimal medium containing 10 µM (low iron), 100 µM (optimal iron), and 300 µM (high iron) FAS. For short term growth, cells grown in optimal iron were transferred to low iron or high iron medium for an additional 4 hours. All cells were grown at 30°C with shaking and six independent cultures were prepared for each growth condition. Metabolomics analysis was carried out in collaboration with Metabolon, Inc. Cells were subjected to glass bead lysis and metabolites were extracted and analyzed as described (16, 17) . The samples were extracted using a series of four solvent extraction steps: 400 µl tridecanoic acid (2.5 mg/mL) in ethyl acetate:ethyl alcohol (1:1), 200 µl methanol, 200 µl methanol:H 2 O (3:1), and 200 µl dichloromethane:methanol (1:1). Each solvent extraction step was performed by shaking for two minutes in the presence of glass beads using a Geno/Grinder 2000 (Glen Mills, Inc. Clifton, NJ). After each extraction the sample was centrifuged and the supernatant removed using the MicroLab STAR® robotics system, followed by reextraction of the pellet. The multiple extract supernatants were pooled and then split into two equal aliquots, one for liquid chromatography/mass spectrometry (LC/MS) and one for gas chromatography/mass spectrometry (GC/MS). Aliquots were placed on a TurboVap® (Zymark) to remove the solvent, frozen and dried under vacuum overnight.
Experimental Procedures
Samples were maintained at 4 o C throughout the extraction process. For LC/MS analysis extract aliquots were reconstituted in 10% methanol and 0.1% formic acid. For GC/MS analysis, aliquots were derivatized using equal parts bistrimethyl-silyltriflouroacetamide and solvent mixture acetonitrile:dichloromethane:cyclohexane (5:4:1) with 5% triethylamine at 60 o C for 1 hour. LC/MS was carried out using a Surveyor HPLC (ThermoElectron Corporation, San Jose, Ca) with an electrospray ionization (18) source coupled to an LTQ mass spectrometer (MS) (ThermoElectron Corporation). The derivatized samples for GC/MS were analyzed on a ThermoFinnigan Trace DSQ fast-scanning singlequadrupole MS operated at unit mass resolving power. Compounds were identified by automated comparison to Metabolon's reference library entries. Data normalization and statistical analysis were performed as described (16) . Data was normalized to correct for variation resulting from instrument inter-day tuning differences. Raw area counts for a compound were divided by the median value, setting the medians equal for each day's run. Missing values were assumed to result from areas being below the limits of detection.
Missing values for a given compound were imputed with half the observed minimum after the normalization step. Quantitative values were derived from integrated raw detector counts of the mass spectrometers. Importantly, while peak area comparisons between samples represent relative amounts of each ion detected, different compounds and ions have different ionization potentials. To preserve all of the variation, yet allow compounds of widely different raw peak areas to be compared directly on a similar graphical scale, a simple arithmetic transformation was performed in which each data point was divided by the mean of the entire set for that compound. Statistical analysis was performed on log-transformed values with Welch's 2 sample ttest.
Microarray analysis was performed in quadruplicate (15) on DBY7286 grown in low iron and high iron conditions identical to those used for metabolomics analysis. The full microarray dataset has been deposited at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE19016.
Additional metabolite extraction and analyses
Glucose levels in conditioned media were measured by the glucose oxidase method using a blood glucose monitor (Bayer). Standard curves were generated for low iron and high iron media. Cellular glycogen levels were measured as described (19) .
For amino acid analysis, cells were subjected to glass bead lysis in 10% trichloroacetic acid and the clarified supernatant subjected to analysis using a Hitachi Amino Acid Analyzer Model L-8800. Raw data was recorded using EZ Chrom Elite software, cell extracts were normalized by absorbance at 260 nm.
For sterol analysis, the non-saponifiable sterol fraction was extracted and analyzed on a Hewlett-Packard 5890 series II gas chromatograph (GC) as previously described (20) . Sterol intermediates were identified based on retention times and analyses of sterols that accumulate in wildtype and various ergosterol mutant strains. Peaks were identified by comparison to known standards. Neutral lipids were extracted and measured as described (21) .
Lipids were extracted in chloroform/methanol (22, 23) then analyzed quantitatively by HPLC. A 3 A 600 cell pellet was dried and subjected to acid methanolysis by boiling in 1N HCl in methanol for 30 min. After cooling, 1 vol of 0.9% NaCl was added, the fatty acid methyl esters (FAMEs) extracted twice with hexane:diethyl ether (1:1), and the extracts pooled and dried under N 2 gas. The pH of the remaining aqueous phase was adjusted with 0.125 volumes of 10N NaOH. The long chain bases (LCB) were analyzed as described with the following modifications (24) . LCBs were extracted twice with 2 ml hexane and the extracts were pooled and dried. The LCB extract was redissolved in 80 µl of methanol:190 mM triethylamine (20:3) and 20 µl AccQ-Fluor Reagent (Waters). Samples were incubated at 23°C for 60 min., 60 µl of the sample was injected on a Genesis C18 4 mM HPLC column (Jones Chromatography) and resolved on an Agilent 1100 series HPLC equipped with a fluorescence detector. The LCBs were resolved using an isocratic mobile phase of acetonitrile:methanol:H 2 O:acetic acid:triethylamine (48:32:16.5:3.0:0.7) at 1.5 ml/min and detected by the AccQ fluorescence (Ex 244 nm/Em 398 nm). Phytosphingosine (PHS) concentrations were determined by adding the PHS peak with that of the 1,4 anhydro-PHS peak, which elutes slightly after dihydrosphingosine (DHS). FAME extracts were resuspended in 50 µl hexane and 1 µl was autoinjected onto a GC/MS (HP 6890/5973) equipped with a 30m x 250mM x 0.25mM HP INNOWax column. The FAMEs were resolved at 0.5 ml/min constant flow using a temperature gradient as follows: initial oven at 50°,40°/min to 90° and hold for 2 min, 20°/min to 250°and hold for 90 minutes. FAME identification was determined by MS fragmentation pattern.
Heme was extracted from 55 Fe-labeled cells as described (25) and measured by scintillation counting. Ferric reductase assays were performed as described (26).
Western
blotting, fractionation and immunoprecipitations TAP-tagged strains were lysed as described (15), subjected to SDS-PAGE, and proteins detected using peroxidase anti-peroxidase (PAP) soluble complex (Sigma) at 1:1000. For subcellular fractionations, cells were lysed as described (15) and lysates separated on 20-60% continuous sucrose gradients. Fractions were collected and subjected to SDS-PAGE and Western blotting using PAP, anti-GFP (Roche) at 1:1000, and antiDpm1 (Molecular Probes) at 1:1000. Immunoprecipitations from 55 Fe-labeled cells were performed as described (27) using IgG sepharose beads (Sigma). Immune complexes were washed and 10% of the total washed beads were used for Western blotting while the remainder was subjected to scintillation counting. Immunoprecipitated proteins were detected using PAP complex and Cy3-labeled goat anti-rabbit at 1:1000. Quantitative fluorescence intensity was determined using a Typhoon imager with ImageQuant software (GE Healthcare). As a negative control, protein G sepharose was substituted for IgG sepharose in the immunoprecipitations of 55 Fe-labeled lysates.
Results and Discussion

Metabolomics and transcriptomics
Previous studies on iron deficiency in yeast have utilized common laboratory strains of S. cerevisiae that exhibit multiple amino acid auxotrophies. These auxotrophies are rescued with amino acid supplementation of the medium, which typically results in alterations in the expression of amino acid biosynthetic genes. Because the synthesis of amino acids is a major function of intermediary metabolism and because several enzymes involved in amino acid biosynthesis are iron-containing proteins, we used a strain that did not exhibit any amino acid auxotrophies and grew the strain in medium without amino acid supplementation. We performed metabolite analyses on yeast grown for 18 hrs (7-8 generations) or for short duration (4 hrs) in low-iron and high-iron media and compared these metabolite levels to those of yeast grown with optimal iron concentrations (Table S1 ). Cells grown in low-iron medium exhibited slower growth, with a 20% increase in doubling time compared to optimaliron medium at the end of the culture period, confirming that iron was limiting for growth in this medium. Cells grown in high-iron medium also exhibited slower growth, with a 40% increase in doubling time, confirming that high-iron cells were exposed to iron toxicity.
Using both liquid chromatography/mass spectrometry and gas chromatography/mass spectrometry, 129 metabolites were detected and identified in the yeast samples and most of these exhibited some change in either high-iron or lowiron medium (Fig. 1A) . Of the growth conditions tested, the greatest number of metabolite level changes and the highest magnitude changes occurred in the yeast grown for 18 hrs in low-iron medium, with 70 metabolites exhibiting significant changes (Fig. 1B) . Yeast grown for 18 hrs in high-iron medium exhibited the smallest changes to the metabolome, and specifically did not show evidence of oxidative stress. For example, levels of oxidized and reduced glutathione did not change. Comparison of the low-iron, 18 hr yeast to the high-iron, 18 hr yeast mirrored the changes seen in the comparison of low-with optimal-iron, but with greater magnitude changes (Fig. 1C) , and this comparison was shown in figures below. Virtually every category of metabolites was affected by iron availability.
In order to correlate changes in metabolite levels with changes in gene transcript levels, we performed microarray analyses on cells grown in low-iron and high-iron conditions identical to those used for the metabolite analyses. The results of these microarray analyses were very similar those previously published, in that the Aft1 target genes were highly upregulated in the low-iron condition, confirming that our growth conditions produced iron deficiency (data not shown). They differed from previous microarrays in the regulation of genes involved in the uptake and synthesis of amino acids and in the ergosterol biosynthetic pathway.
Glucose metabolism and energy production
Yeast consume the majority of cellular glucose in the process of energy production. Glucose is metabolized to pyruvate via glycolysis, then pyruvate is either converted to ethanol and CO 2 via fermentation, or fully oxidized to CO 2 and H 2 O via the TCA cycle and respiration ( Fig. 2A) . Even in the presence of oxygen, yeast typically ferment nearly all of the available glucose, with only 3% being metabolized via respiration (28) . Although respiration yields far more energy than fermentation, it also requires large quantities of iron, as respiratory complexes II-IV contain numerous heme and Fe-S centers, and two TCA cycle enzymes, aconitase and succinate dehydrogenase, contain Fe-S clusters. Although yeast can grow on carbon sources that can only be metabolized through respiration, they cannot do so under conditions of iron deficiency. Previous studies using microarrays found that iron-deficient yeast down-regulate transcripts involved in the TCA cycle and respiration (8, 9, 29) , and we found evidence of similar transcript changes in these studies (Table S2 ). Metabolite analysis indicated that levels of intracellular glucose, glycolytic intermediates, and byproducts of glycolysis were significantly depleted in iron-deficient cells while the product of glycolysis, pyruvate, was elevated (Fig. 2B) . In contrast, TCA cycle intermediates succinate, fumarate, and malate were significantly elevated (Fig.2C) . Citrate levels rose in cells grown in both low-iron medium (2.8-fold) and high-iron medium (2.2-fold) when compared to optimal-iron cells. Only 2-oxoglutarate levels fell in low-iron cells, which may have occurred as large amounts of this intermediate are drawn out of the TCA cycle for the synthesis of amino acids and purines. Intracellular glucose depletion was not associated with depletion of glucose in the growth medium (Fig. S2A) Intermediates from the glycolytic pathway can be diverted for use in carbohydrate storage and lipid biosynthesis. Levels of the storage carbohydrate glycogen were very low, as would be expected in logarithmically growing cells, and did not differ between iron-deficient and iron-replete cells (Fig. S2B) . In contrast, levels of triacylglycerol, a storage form of neutral lipid synthesized from the glycolytic intermediate 3-phosphoglycerate via glycerol, were reduced by 68% in iron deficient cells (Fig. 2D) . The depletion of glucose, glycolytic intermediates, and triacylglycerol coupled with the elevated pyruvate suggested increased flux of glucose through the glycolytic pathway for the purpose of energy production. This would be consistent with a loss of energy production through the TCA cycle and respiration as a consequence of iron deficiency. Thus, even though yeast metabolize only a small fraction of glucose via respiration, this small fraction provides significant energy to the cell. This small amount of respiration was reduced further during iron deficiency and the metabolic impact on the cell included the diversion of glycolytic intermediates away from lipid biosynthesis.
Amino acid biosynthesis
All of the nitrogen-containing compounds in S. cerevisiae can be synthesized from intermediates derived from carbon source metabolism and ammonia (30, 31) . The nitrogen of ammonia is exclusively available to the cell through its incorporation into glutamate and glutamine, from which all other amino acids and nucleotides are synthesized. Glutamate is formed from the condensation of ammonium and 2-oxoglutarate. Thus, cells growing in the absence of amino acid supplements devote a substantial amount of their metabolic machinery to the synthesis of amino acids, and must maintain the synthesis of 2-oxoglutarate by maintaining flux through the first three steps of the TCA cycle. Significantly, enzymes catalyzing these first three steps, Cit1, Aco1 and Idh1, were not among those showing > 2-fold down-regulation by iron deficiency in our microarrays (Table S2 ). Several enzymes involved in amino acid biosynthesis contain Fe-S clusters (5), and, in previous studies, some of these (Glt1, Leu1) exhibited lowered transcript and protein levels in response to iron deficiency, suggesting that down-regulation of Fe-S-containing proteins is one strategy yeast employ in the adaptation to iron deficiency (8, 9) .
In our studies, transcript levels of many genes involved in amino acid synthesis and uptake changed in response to iron deficiency (Table S3) . 23 transcripts involved in the synthesis and uptake of amino acids were up-regulated by iron deficiency. The majority (17 of 23) of these genes are involved in the uptake or synthesis of amino acids that require Fe-S proteins for synthesis. The transcripts of the Fe-S-containing enzymes were consistently down-regulated by iron deficiency, although, with the exception of GLT1, these changes were small, 2-fold or less. Glt1 is also unique among these enzymes in that cells lacking GLT1 can synthesize glutamate via an alternate pathway (30) ; the other enzymes are required in their respective pathways.
Metabolite analysis revealed a 14-fold accumulation of 2-isopropylmalate in iron deficient cells (Table S1 ). 2-Isopropylmalate is the substrate for the Fe-S enzyme isopropylmalate isomerase, encoded by LEU1 (32) , and its accumulation suggested that iron deficiency resulted in either a loss of Leu1 activity or an increased flux of leucine precursors through the biosynthetic pathway. We expected that iron deficiency would result in deficiencies of amino acids dependent on Fe-S enzymes: leucine, isoleucine, valine, lysine, methionine, cysteine, and glutamate. Surprisingly, most amino acids were present at higher levels in iron-deficient cells, and we did not detect severe deficiencies of any amino acids, including leucine, with only glutamate demonstrating a mild, 1.4-fold depletion (Fig. 3A) . Only after prolonged iron starvation did a significant amino acid deficiency develop, as lysine levels fell to 55% of those of iron-replete cells (Fig. S3A) . These data indicated that cellular homeostatic mechanisms are robust with respect to amino acids. These data also raise the intriguing possibility that the cellular components that limit growth are amino acids, as depletion of one or a few individual amino acids would have catastrophic effects on new protein synthesis.
We questioned how the synthesis of amino acids that require Fe-S enzymes could occur in the setting of iron deficiency. Therefore, we measured the incorporation of Fe-S clusters into Fe-S enzymes under iron-sufficient and iron-deficient growth conditions by affinity purification of enzymes from cells labeled with 55 Fe. Strains expressing enzymes with the Tandem Affinity Purification (TAP) tag incorporated at the carboxyl terminus were used for these assays. We selected two mitochondrial Fe-S proteins, Aco1 and Lys4, as well as the nuclear/cytosolic Fe-S enzyme Rli1 for analysis. The ILV3-TAP and LEU1-TAP strains exhibited iron-dependent isoleucine/valine and leucine auxotrophies and were not analyzed further (data not shown). Cells were labeled with 55 Fe in iron-replete or ironchelated medium. TAP-tagged enzymes with their iron ligands were recovered by affinity purification, and the total protein recovered was measured by Western blotting (Fig. 3B) , while the amount of iron retained in the protein was measured by scintillation counting (Fig. 3C) .
Growth in iron-chelated medium produced a marked iron deficiency (25-41-fold reduction in intracellular iron, Fig. S3B ), which was associated with a 6-fold reduction of Aco1-TAP and Lys4-TAP, and a 37-fold reduction of Rli1-TAP, with Rli1-TAP becoming almost undetectable (Fig.  3B) . Mild iron deficiency (5-6 fold reduction in intracellular iron) produced only slight reductions in Rli1-TAP. This loss of Fe-S protein in irondeficient cells was likely due to instability and degradation of the proteins in the absence of their Fe-S ligands, as transcript levels decreased only slightly under these conditions. We measured the amount of iron associated with the individual enzymes (Figs. 3C and S3C ) and found that Fe-S proteins from iron-deficient cells exhibited a loss of their iron ligands that was greater than the loss of the polypeptide in the case of Aco1-TAP and Lys4-TAP (14-and 12-fold, respectively), but proportional to the loss of polypeptide in the case of Rli1 (33-fold). Calculation of the amount of iron bound per unit of protein (Fig. 3D) indicated that when grown in iron-sufficient medium, Rli1-TAP contained more iron than Aco1-TAP, consistent with the incorporation of two 4Fe-4S clusters into Rli1 and one 4Fe-4S cluster into Aco1-TAP. Aco1-TAP and Lys4-TAP exhibited large decreases (4-6-fold) in the iron bound per unit of protein after growth in iron-chelated medium, suggesting that despite the instability of the protein in iron-deficient cells, some protein is expressed without Fe-S clusters. In contrast, although the amount of Rli1-TAP protein decreased, the amount of iron bound per unit of Rli1-TAP did not significantly change in ironchelated medium, suggesting that little to no Rli1-TAP accumulates without Fe-S clusters.
These data indicated that iron deficiency produced large decreases in the metallation and activity of Fe-S enzymes, but that this loss of activity was not associated with the loss of sufficient enzymatic activity to meet biosynthetic needs, as cells were capable of coordinating consumption of amino acids with their synthesis. Because the levels of metallated Aco1, Lys4, and Rli1 were similarly affected by iron deficiency, these data suggest that cells did not have a mechanism to preferentially target Fe-S clusters to essential proteins, such as Rli1. Our observation that amino acid levels are generally not depleted during iron deficiency, despite significant (12-33-fold) loss of active, metallated Fe-S proteins, suggests that these Fe-S enzymes are present in excess in iron replete cells.
Ergosterol biosynthesis
Iron-deficient cells exhibited a 20-fold accumulation of squalene in our initial metabolite analysis (Table S1 ) and this led us to examine the sterol biosynthetic pathway. Sterol biosynthesis in yeast is an essential process involving over 20 enzymatic steps (33-35). The second half of the sterol biosynthetic pathway is dedicated to the production of ergosterol, the major oxysterol of yeast, and begins with the condensation of two farnesyl pyrophosphate molecules to form squalene (Fig. 4A) . The latter half of the ergosterol pathway contains multiple steps requiring irondependent enzymes. Erg11 and Erg5 are hemedependent enzymes of the cytochrome P450 family and require the hemoprotein Dap1 for full activity (36, 37) . Erg25 and Erg3 are oxo-diiron enzymes of the fatty acid hydroxylase/sterol desaturase family. We examined the effects of iron deficiency on ergosterol biosynthesis by measuring the levels of intermediates in cells grown in iron-replete and iron-deficient media (Fig. 4B) . Iron-deficient cells exhibited a 24-fold accumulation of squalene and a 3.3-fold accumulation of lanosterol compared to ironreplete cells. They also exhibited depletion of the major oxysterols, zymosterol (3-fold) and ergosterol (2-fold). These data indicated partial biosynthetic blocks at Erg1 and Erg11 and reduced flux through the pathway as a result of iron deficiency. The accumulation of squalene could be explained as a secondary effect of Erg11 deficiency, that is, through the altered equilibrium produced by the accumulation of lanosterol. However, we did not observe accumulation of squalene epoxide, the substrate of Erg7, making this less likely. Alternatively, lanosterol may act as an inhibitor of Erg1.
Previous studies have reported that several ergosterol biosynthetic genes are transcriptionally upregulated during iron starvation (8) ; however, we observed only small (< 2-fold) changes in the transcript levels of ERG genes (data not shown). We examined the effect of iron deficiency on levels of Erg1 and the iron-dependent Erg proteins by growing the TAP-tagged strains in irondeficient or iron-replete medium and measuring protein levels by Western blotting (Fig. 5A ). Erg1 and the heme proteins Erg11 and Erg5 were present at slightly lower levels in iron-deficient cells, while the diiron enzymes Erg3 and Erg25 were present at slightly higher levels. These changes were small and may not explain the accumulation of squalene and lanosterol that we observed.
Heme limitation of Erg11 and Fre1
Erg11 catalyzes the first iron-dependent step in the biosynthetic pathway, as this enzyme requires a heme cofactor for activity (35) . We questioned whether the accumulation of lanosterol and loss of Erg11 activity was due to a general loss of cellular heme in the setting of iron deficiency. Previous studies have suggested that heme levels fall in iron deficient cells (13). Decreased expression of heme-rich respiratory complexes could have accounted for a portion of the decrease in total cellular heme, but whether individual heme proteins lacked cofactors remained unclear. We therefore examined the heme content and activity of a heme protein that was predicted to be active during iron deficiency, Fre1.
The process of iron uptake in yeast is heme-dependent, as the first step in iron uptake is the reduction of Fe(III) to Fe(II) at the cell surface by a family of heme-dependent ferric reductases (10). The genes encoding these enzymes are switched on in iron deficiency and the preservation of their enzymatic activity in iron deficiency is important for the cell. We constructed a strain in which the major reductases, encoded by FRE1 and FRE2, were deleted, and FRE1 was expressed under the control of the strong PGK1 promoter, which is not regulated by iron, thereby uncoupling the surface reductase activity from transcriptional regulation. We labeled the PGK1-FRE1 strain and the congenic wild type strain in iron-sufficient and iron-chelated media containing 55 Fe, then measured heme content and ferric reductase activity. Both the wild type and the PGK1-FRE1 strains exhibited a marked (20-23-fold) loss of cellular heme after growth in iron-chelated medium (Fig. 5B) . This loss of cellular heme was reflected in the 14-fold loss of ferric reductase activity exhibited by the PGK1-FRE1 strain grown in iron-chelated medium (Fig. 5C ), indicating that iron deficiency produces a cellular heme deficiency that limits the activity of heme-dependent enzymes. The wild type strain exhibited a 6-fold increase in reductase activity with iron deficiency, although the level of activity in iron-chelated medium was similar to that of the PGK1-FRE1 strain. This increase in activity was due to the transcriptional activation of the wild type FRE1 and FRE2 genes in irondeficient cells (38) .
These data indicated that iron deficiency produced a 20-fold drop in cellular heme levels, resulting in heme limitation of Fre1 activity as well as Erg11 activity. Whether iron-dependent enzymes downstream of Erg11 were affected by iron deficiency was unclear in the setting of the upstream block, but inactivation of heme and diiron enzymes in other pathways would suggest that this occurred, contributing to the loss of ergosterol in iron-deficient cells.
Redistribution of Erg1 in iron deficiency
Although heme deficiency explained the accumulation of lanosterol and the block in ergosterol synthesis at Erg11, it did not explain the accumulation of squalene and the block at Erg1. The conversion of squalene to squalene epoxide appears to be the rate-limiting step in the latter half of the ergosterol biosynthetic pathway (39, 40) , and any loss of activity of Erg1 would be expected to produce an accumulation of squalene. Erg1 exhibits dual localization in the endoplasmic reticulum (ER) and in lipid particles (LPs) (41) . Although the majority of ERG proteins are located in the ER, almost all Erg6 and traces of Erg7 exhibit localization to LPs. The Erg1 that is located in LPs is enzymatically inactive, possibly due to the absence of its required cytochrome P450 reductase (42) .
We questioned whether the loss of Erg1 activity in iron-deficient cells could be due to a change in the distribution of Erg1 between the ER and LPs. We grew cells expressing GFP-tagged versions of Erg1, Erg6, and Erg11 in iron-replete or iron-deficient medium and examined the distribution of the proteins within the cells (Fig.  6A) . Iron-replete cells exhibited the expected localization of Erg6-GFP to multiple, bright punctate areas of the cytosol that represent LPs. Erg11-GFP was located in peripheral and perinuclear membranes that correspond to the ER. Erg1-GFP exhibited dual localization in both LPs and ER. After growth in iron-deficient medium, Erg6-GFP and Erg11-GFP exhibited no change in localization, but Erg1-GFP exhibited a marked loss of signal in LPs while retaining localization in the ER, indicating a redistribution of Erg1 from LPs to ER. We attempted to confirm this change in localization by separating cellular membranes on sucrose density gradients, and examining the distribution of proteins by Western blotting (Fig.   6B ). In iron-replete cells, LPs and ER exhibited distinct patterns of distribution, with Erg1 being distributed in fractions characteristic of both organelles. In iron-deficient cells, however, Erg1 was detected in higher density fractions in a pattern similar to ER membranes. Surprisingly, the LPs also shifted to fractions containing higher density membranes. This shift was likely due to the loss of triacylglycerol from the LPs in iron deficient cells (see Fig. 2D ). This redistribution of Erg1 to the ER in iron-deficient cells suggests that under conditions of heme deficiency and reduced ergosterol synthesis, the cell does not localize Erg1 to a compartment where the enzyme is inactive (the LPs), but retains it in the compartment where it is active (the ER).
Sphingolipid and fatty acid biosynthesis
Metabolite analysis also pointed towards a disruption of sphingolipid synthesis in irondeficient cells, as they exhibited a 9-fold accumulation of sphinganine (also called dihydrosphingosine, DHS). The C4 hydroxylation of DHS to form phytosphingosine (PHS) is catalyzed by Sur2, a non-essential enzyme with homology to the oxo-diiron enzymes of ergosterol and fatty acid biosynthesis (43) . Three enzymes of this family are involved in fatty acid and sphingolipid biosynthesis, Sur2, Ole1, and Scs7 (Fig. 6, A-C) . OLE1 encodes the essential δ-9 fatty acid desaturase and contains an N-terminal desaturase domain and a C-terminal cytochrome b5 domain, and, thus, contains both diiron and heme centers (33). The non-essential Scs7 catalyzes the α-hydroxylation of sphingolipidassociated, very long chain fatty acids, and contains both an N-terminal cytochrome b5 domain and a C-terminal desaturase domain (44) . Sur2 contains only a diiron-containing desaturase domain, and presumably relies on a separately encoded cytochrome b5 for activity.
We examined the effects of iron deficiency on these enzymes by measuring the levels of substrates and products in iron-deficient and iron-replete cells. Ole1 catalyzes the monodesaturation of palmitoyl-(C16) and stearoyl-(C18) coenzyme A. Iron-deficient and iron-replete cells exhibited no difference in the amounts of saturated and monounsaturated fatty acids (Fig.  7D) , suggesting that iron-deficient cells were not deficient in Ole1 activity. Measurement of C18 DHS and C18 PHS confirmed that iron-deficient cells exhibited a 5-fold accumulation of DHS, indicating a partial loss of Sur2 activity, although there was minimal depletion of PHS in the irondeficient cells (Fig. 7E) . We measured the level of C26 fatty acids (derived from ceramides) and found that iron-deficient cells exhibited both a 3-fold accumulation of the unhydroxylated form and a 2-fold depletion of the hydroxylated form (Fig.  7F) , indicating a loss of Scs7 activity.
This analysis of cellular lipids suggested that Ole1 was resistant to iron deficiency while Sur2 and Scs7 were sensitive. This surprising result prompted us to more closely examine the expression level and metallation of these enzymes. We examined these enzymes by again labeling the congenic TAP-tagged strains in iron-replete or iron-chelated medium containing 55 Fe. TAPtagged proteins containing iron ligands were recovered by affinity purification, and the amounts of proteins and bound iron were measured. Cells grown in iron-chelated medium exhibited slowed growth and 7-14-fold lower levels of cellular iron than cells grown in iron-replete medium, confirming that growth in iron-chelated medium produced iron deficiency. Growth in iron-chelated medium produced little change in the levels of Ole1-TAP, while growth in iron-chelated medium produced 60% and 50% reductions in the levels of Sur2-TAP and Scs7-TAP, respectively (Fig. 8A) . Similarly, the amount of iron bound to Ole1-TAP did not significantly change when cells were grown in iron-chelated medium, but the iron bound to Sur2-TAP and Scs7-TAP was reduced by 70% (Fig. 8B) . Calculation of the amount of iron bound per unit of protein (Fig. 8C) indicated that all three proteins bound similar amounts of iron in both iron-chelated and iron-replete media, suggesting that these proteins were not expressed without their metal cofactors in iron-deficient cells.
Implications of alterations in iron deficiency
Ergosterol is enriched in the outer leaflet of the plasma membrane, where it associates with sphingolipids to form detergent-resistant microdomains (45,46); thus, the loss of ergosterol and hydroxylated sphingolipids associated with iron deficiency would be expected to alter not only the fluidity and permeability of the plasma membrane, but the function of integral membrane proteins that localize to these microdomains. Defects in ergosterol biosynthesis inhibit both receptor-mediated and fluid-phase endocytosis as well as the trafficking of integral membrane proteins, such as transporters, that are sensitive to their lipid environment (35) . For example, irondeficient Candida spp. exhibit an enhanced susceptibility to antifungal agents that has been traced to a reduction in plasma membrane ergosterol and increased membrane fluidity (47) . In S. cerevisiae, mutations of ERG genes and loss of ergosterol result in defects in tryptophan uptake due to altered trafficking of the Tat2 transporter (48) . Sphingolipids are also required for endocytosis and for the normal trafficking, activity, and stability of the plasma membrane H + -ATPase, Pma1, and the general amino acid permease, Gap1 (46) . DHS, PHS, and ceramides are also involved in intracellular signaling pathways.
The data presented here suggested that different iron utilization pools, (heme, Fe-S cluster, and diiron) are similarly affected by iron deficiency, and that yeast do not have a mechanism for preferentially directing iron to a single class of cofactor, to a single subcellular location, or to essential pathways. Transcriptional repression, as observed in the down regulation of the Fe-S enzyme Glt1 or the heme protein Cyc1, or mRNA degradation via the activities of Cth1 and Cth2, appear to be the only mechanisms through which the cell can specifically divert iron away from a pathway. Conversely, cells may express an essential iron-requiring protein at very high levels, so that if iron deficiency leads to only a small fraction of the protein acquiring metal cofactors, that small fraction is sufficient to produce the required levels of product. This may explain why cells express very high levels of Leu1, which also loses Fe-S clusters and activity in iron deficiency, yet is sufficient to maintain leucine production. As Leu1 and Aco1 are some of the most abundant enzymes in the cell (roughly 100,000 molecules/cell) (49), these enzymes also represent a large pool of iron that can apparently be depleted without deleterious effects.
Although we found no evidence that cells have the capacity to preferentially direct iron to a specific class of cofactor or enzyme, we did find evidence that Ole1 was resistant to depletion of its iron cofactors during iron deficiency. This resistance to iron deficiency may be an intrinsic property of Ole1 that is shared by some other essential enzymes. Alternatively, other proteins that enhance delivery of iron cofactors or enhance the stability of the metallated enzyme may contribute to this effect. Dap1 is a heme-binding protein that binds to and enhances the activity of the cytochrome P450 family of enzymes involved in ergosterol biosynthesis (36, 37) . Although not essential for ergosterol synthesis in iron replete medium, Dap1 is required for growth in iron deficient cells (50) . A third possibility is that some heme/diiron enzymes are expressed in a subcellular location with enhanced access to iron cofactors, such as a subdomain of the endoplasmic reticulum. However, we found no evidence that the subcellular location of Fe-S proteins affected the delivery of Fe-S clusters in iron deficiency. Iron deficiency could be complicated by the insertion of non-cognate metals into the binding sites of diiron enzymes, and may represent a mechanism of metal toxicity in the setting of iron deficiency. In E. coli, copper toxicity was found to cause leucine deficiency due to copper-mediated disruption of iron-sulfur clusters (51) . Further studies will be required to determine whether elevated levels of other metals affect the activity of iron-dependent enzymes under conditions of iron deficiency. by guest on November 19, 2017 
